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This report summarizes some of the results of an investi- 

gation into the use of a novel type of arc applied to hydro- 

i carbon synthesis. 

hydrogen. Later substitutions for the hydrcgen were employed 

The. .principal reacting system was carbon and 

in a limited way. These included, in turn, a 50-50 volume per- 

1 cent mixture oE CO and H2, steam, and a solid petroleum residue 

essential.1~ ( C H 2 )  x. 

The type of arc is one which was developed in our labora- 
& 

tory and whose properties for applications of the type reported 

here we have studied intensively for several years. 

type of high intensity arc discharge characterized by a number 

of unique features, of which an important one is the fact that 

a relatively high rate of continuous through-put of feed material 

can be achieved. The feed is a fluid, is raised to high temper- 

atures, and itself comprises the plasma environment of the dis- 

charge, particularly the electric conduction column maintained 

between the electrodes. As result it will be appreciated that 

the composition of the plasma is derived from that of the feed; 

however, the atomic, molecular, or free radical species compris- 

ing the plasma may differ significantly from the molecular com- 

position of the feed. 

It is a 

. 

Distinctive features of the High Intensity Arc 

Conventional arcs, consisting of a gaseous electrically 
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conduc t ing  column j o i n i n g  t w o  e l e c t r o d e s ,  a p o s i t i v e  anode and 

a n e g a t i v e  ca thode ,  are used  as a s o u r c e  of h e a t ,  as f o r  ex- 

ample i n  e lec t r ic  s m e l t i n g  p r o c e s s e s .  The mechanism by which 

h e a t  i s  u s e f u l l y  t r a n s f e r r e d  t o  f e e d  materials o c c u r s  by r a d i a -  

t i o n  and conduct ion  from t h e  h o t  column. The column i s  t h e  

zone of primary energy  d i s s i p a t i o n  i n  which t h e  i n p u t  e l e c t r i c a l  

ene rgy  i s  conve r t ed  i n t o  r a d i a n t  ene rgy  and s e n s i b l e  h e a t ,  b o t h  

of which f low o u t  i p  all d i r e c t i o n s  through t h e  i n t e r v e n i n g  

l a y e r  o f  atmosphere.  The maximum t e m p e r a t u r e  which may t h e r e -  

by be achieved  and n a i n t a i n e d  i n  t h e  su r round ing  charge  i s  

l i m i t e d  by p r a c t i c a l  c o n s i d e r a t i o n s  t o  about  2500OC. 

I n  such a r c s  l i t t l e  i f  any of t h e  m a t e r i a l  t o  be t r e a t e d  

e n t e r s  t h e  energy  d i s s i p a t i n g  r e g i o n  w i t h i n  t h e  a r c  conduc t ion  

column i t s e l f .  The o p p o r t u n i t y  f o r  s u c c e s s f u l l y  accompl ish ing  

t h i s  became a v a i l a b l e  w i t h  t h e  d i s c o v e r y  i n  1 9 1 0  by Beck' of 

t h e  t y p e  of d i s c h a r g e  now known as t h e  "h igh  i n t e n s i t y  arc".  

The use  o f  t h i s  t y p e  o f  a rc  t o  t rea t  materials t o  t e m p e r a t u r e s  

h i g h e r  t h a n  250OOC i n  a con t inuous  and p r a c t i c a l  manner i s  one 

of t h e  c e n t r a l  themes o f  t h i s  pape r .  2-6 

In  t h e  h igh  i n t e n s i t y  arc ,  s i g n i f i c a n t  amounts of f e e d  

material can  p e n e t r a t e  and  p a s s  th rough  t h e  conduc t ion  column, 

and are t h e r e b y  h e a t e d  w i t h  h i g h  ene rgy  t r a n s f e r  e f f i c i e n c y  t o  

v e r y  h igh  t e m p e r a t u r e s ;  i .e . ,  up t o  10,000"K o r  more. I n  t h e  

e a r l y  forms of t h e  h i g h  i n t e n s i t y  arc t h i s  w a s  accomplished by 

i n c o r p o r a t i n g  t h e  f e e d  i n t o  t h e  anode and a l l o w i n g  t h e  anode 

t o  v a p o r i z e  c o n t i n u o u s l y  i n t o  t h e  arc. T h i s  i s  s u i t a b l e  however 

o n l y  f o r  t h e  t r e a t m e n t  o f  normal ly  s o l i d  f e e d  mater ia ls .  
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Recent ly  a means was developed i n  t h i s  Laboratory whereby 

t h e  i n j e c t i o n  o f  l a r g e  q u a n t i t i e s  of g a s e s  i n t o  t h e  a r c  column 

can be made t o  o p e r a t e  i n  a p r a c t i c a l  manner, even f o r  r e a c t i v e  

\ g a s e s .  I n  t h i s  m o d i f i c a t i o n ,  t h e  g a s  i s  i n j e c t e d  from t h e  

I ca thode  end r a t h e r  t h a n  through t h e  anode of t h e  d i s c h a r g e ,  by 

means of  a s p e c i a l l y  des igned  a n n u l a r  n o z z l e  sur rounding  t h e  

\ ca thode .  This  d e v i c e  h a s  been termed t h e  " f l u i d  convec t ion  

ca thode" .  

Basis of t h e  F l u i d  Convection Cathode 

R e f e r r i n g  t o  F i g u r e  1, t h e  a r c  column a t  t h e  ca thode  i s  
c 

. c h a r a c t e r i z e d  by a converging shape t o  a s m a l l  t i p  a t  t h e  ca- 

thode s u r f a c e .  This  convergence,  r e p r e s e n t i n g  an inhomogeneous 

e l e c t r i c  c u r r e n t  f l u x ,  t h e r e f o r e  d e f i n e s  a zone of inhomogenesity 

1 

i n  t h e  accompanying magnet ic  f i e l d .  T h i s  i n  t u r n  h a s  t h e  e f f e c t  

o f  producing a f l u i d  mechanical  t h r u s t  away from t h e  ca thode  i n  

t h e  d i r e c t i o n  of  t h e  anode,  t h u s  g i v i n g  r i s e  t o  a p r e s s u r e  g r a -  

d i e n t  away from t h e  ca thode  t i p .  To s t a b i l i z e  t h i s  g r a d i e n t ,  

ambient g a s  i s  a s p i r a t e d  i n t o  t h e  arc column i n  t h e  r e g i o n  of  

inhomogeneity.  This  r e g i o n  r e p r e s e n t s  t h e  o n l y  p o r t i o n  of t h e  

a r c  o t h e r  t h a n  t h e  anode c ra te r  through which a p p r e c i a b l e  quan- 

t i t i e s  of g a s  may be i n j e c t e d  w i t h o u t  d i s t u r b i n g  t h e  s t a b i l i t y  

and maintenance of  t h e  arc d i s c h a r g e .  

I 

The FCC w a s  developed d u r i n g  an i n v e s t i g a t i o n 7  of t h e  i n -  

f l u e n c e  of g a s  convec t ion  i n t o  t h e  b a s e  of t h e  arc column n e a r  

t h e  ca thode  o f  a h i g h  i n t e n s i t y  a r c .  The t e c h n i q u e  c o n s i s t s  

e s s e n t i a l l y  i n  sur rounding  t h e  c o n i c a l  t i p  of t h e  ca thode  w i t h  

an a n n u l a r  n o z z l e  which t e r m i n a t e s  ups t ream of t h e  t i p  and 

which d i rec ts  t h e  g a s  i n  a converg ing  h i g h  speed l a y e r  i n t o  t h e  
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column of t h e  a r c  v e r y ' c l o s e  t o  t h e  p o i n t  where i t  o r i g i n a t e s  

on t h e  ca thode .  I t  w a s  found t h a t  i f  t h i s  were done i n  a man- 

n e r  which causes  t h e  g a s  t o  impinge on t h e  arc column i n  t h e  

r eg ion  j u s t  i n  f r o n t  of  t h e  ca thode  where t h e  column is  con- 

verg ing  from t h e  b roade r  d i s c h a r g e  column, , then t h e  gas  w i l l  

p r e f e r e n t i a l l y  e n t e r  t h e  column and can  be i n j e c t e d  a t  1 0  t o  

2 0  t i m e s  t h e  a s p i r a t i o n  r a t e ,  whereas ,  i f  a n  a t t e m p t  were made 

i n  t h e  c lass ica l  manner, t o  f o r c e  t h e  g a s  i n t o  t h e  a r c  column 

p rope r  i n  o r d e r  t o  e n e r g i z e  t h e  g a s ,  such  impingement i s  f r u i t -  

less and t e n d s  t o  u n s t a b i l i z e  and b low'out  t h e  arc. 
\r 

Again, w i t h  conven t iona l  c o n f i n e d  a rcs ,  where s t a b i l i t y  

i s  sought  by e n c l o s i n g  t h e  a r c  d i s c h a r g e  w i t h i n  a water -cooled  

chamber, and f o r c i n g  t h e  g a s  i n t o  t h e  chamber w i t h  t h e  i n t e n t i o n  

of  impar t ing  a r c  energy  t o  i t ,  b o t h  t h e o r e t i c a l  and expe r imen ta l  

r e s u l t s  have proven t h a t  over 7 0 %  of  t h e  i n j e c t e d  g a s  neve r  

e n t e r s  t h e  column9, and does  n o t  o b t a i n  any s i g n i f i c a n t  amount 

of a c t i v a t i o n  energy  from t h e  arc.  

Experimental  Method 

F igure  2 i s  a diagram of  t h e  D.C .  h i g h  i n t e n s i t y  a rc  ap- 

p a r a t u s ,  showing an FCC ca thode  through which t h e  hydrogen g a s  

i s  i n j e c t e d  i n t o  t h e  conduc t ion  column and a 1" d iame te r  c y l i n -  

d r i c a l  carbon anode. The anode has  a 1/4" d iame te r  h o l e  a long  

i t s  longi tudina l  a x i s .  The anode i s  connec ted  a t  i t s  back end 

by 3/16" I . D .  m e t a l  t u b i n g  t o  a 1-1/6" diameter Type 304 s t a i n -  

less s t e e l  tube  sur rounded by a n  e l e c t r i c a l l y  h e a t e d  l a b o r a t o r y  

t u b e  fu rnace .  Leaving t h e  f u r n a c e  i s  a water -cooled  h e a t  ex- 

changer  fo l lowing  a t ee -connec t ion  v a l v e d  t o  p e r m i t  t h e  g a s  

s t r eam t o  go i n  e i t h e r  of  t w o  d i r e c t i o n s :  (1) t o  a f lowmeter  
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and l a b o r a t o r y  pump, o r  ( 2 )  t o  a mani fo ld  of a l a r g e - d i a l l e d  

mechanical  vacuum gauge and severa l  valved 500 cc g a s  sampling 

b o t t l e s .  These are e v a c u a t e d  p r i o r  t o  use .  The carbon anode 

can t h u s  se rve  a s  a combinat ion source of s o l i d  carbon,  and of  

carbon vapor  i s s u i n g  from t h e  a n o d i c  a r c  te rminus  i n t o  t h e  plasma 

column, as w e l l  as an a rc  crater g a s  sampling probe .  

Depending upon t h e  pumping f low rate  or  t imed p r e s s u r e  rise 

i n  t h e  sampling branch ,  it is t h u s  p o s s i b l e  t o  draw an  a rc  f lame 

e f f l u e n t  g a s  stream from t h e  r e a c t i o n  zone through t h e  t u b e  

f u r n a c e  t o  v a r y  t h e  r e s i d e n c e  t i m e  a t  any t e m p e r a t u r e  up t o  

about  1 0 0 0 ° C ,  and t h e n c e  through t h e  h e a t  exchanger  and i n t o  

t h e  sample b o t t l e s  i n  sequence.  

I n  o p e r a t i o n  w i t h  d i a m e t r i c a l l y  opposed e l e c t r o d e s  t h e  FCC 

arc column b e a r s  d i r e c t l y  on t h e  carbon anode,  which i s  complete-  

l y  covered by t h e  arc c r a t e r  a t  a c u r r e n t  of  150 amperes o r  m o r e .  

The pump v a l v e  i s  opened s u f f i c i e n t l y  t o  meter t h e  plasma down 

through t h e  anode h o l e ,  t o  purge and e q u i l i b r a t e  t h e  e f f l u e n t  

h o t  zone i n  t h e  t u b e  f u r n a c e ,  and t h e n  t o  meter samples  i n t o  

t h e  g a s  sampling b o t t l e s  i n  sequence a t  t i m e d  ra tes ,  measuring 

t h e  r i s e  p e r i o d  of  t h e  vacuum gauge p r e s s u r e .  

A n a l y s i s  of t h e  samples w a s  c a r r i e d  o u t  by g a s  chromatog- 

raphy,  u s i n g  hel ium carrier g a s  and an a i r -hydrogen  f lame i n  a 

model 609  F and M S c i e n t i f i c  C o r p o r a t i o n  f lame i o n i z a t i o n  chro-  

matograph w i t h  a Poropak Q column. A t e s t  g a s  m i x t u r e  c o n t a i n -  

i n g  t h e  a l i p h a t i c  compounds CH4,  C Z H Z ,  C2H4,  C 2 H 6 ,  C 3 H 6 ,  and 

C4H8 w a s  used t o  c a l i b r a t e  t h e  a n a l y t i c a l  p rocedure .  

R e s u l t s  

S ince  t h e  e a r l y  o b j e c t i v e s  o f  t h e  program w e r e  p r i m a r i l y  
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. e x p l o r a t o r y ,  t h e  r e s u l t s  r e p o r t e d  h e r e  are e s s e n t i a l l y  q u a l i t a -  

t i v e ,  a l though  w i t h i n  a g iven  test  series weight  can be g iven  t o  

c o n c e n t r a t i o n  r a t i o s  of components of a t es t  sample m i x t u r e  f o r  

purpose  o f  comparison. 

Series I. Hydrogen Flow Rate  Through t h e  FCC 

Th i s  w a s  e f f e c t e d  by o p e r a t i n g  t h e  a r c  a t  s t a n d a r d  condi -  

t i o n s  o f  1 5 0  amperes, m a i n t a i n i n g  t h e  e f f l u e n t  h o t  zone a t  8OO0C, 

sampl ing  a t  about  30  - 60 seconds  p e r  sample,  and v a r y i n g  t h e  

hydrogen f low r a t e  i n t o  t h e  FCC. Comparison of hydrocarbon com- 

p o s i t i o n  i s  shown i n  Tab le  1, i n  terms of t h e  r e l a t i v e  d i s t r i b u -  

t i o n  of t h e  volume c o n c e n t r a t i o n  of t h e  p r o d u c t s  found. The d i s -  

t r i b u t i o n  w a s  o b t a i n e d  by c a l c u l a t i n g  t h e  p e r c e n t a g e  c o n t r i b u t i o n  

which each  chromatograph ampl i tude  r e c o r d i n g  made t o  t h e  sum o f  

a l l ,  i n  a r b i t r a r y  scale d i v i s i o n s .  There a p p e a r s  t o  b e  a s i g n i f -  

i c a n t  dependence of e f f l u e n t  hydrocarbon composi t ion  upon t h e  

amount of hydrogen f e d  i n t o  t h e  FCC. 

S e r i e s  11. T i m e  F a c t o r  

I n  t h i s  series,  s t a n d a r d  c o n d i t i o n s  o f  1 5 0  amperes and 8.5 

mols p e r  minute  of hydrogen were used ,  w i t h  v a r y i n g  sampl ing  

rates th rough  t h e  8OOOC e f f l u e n t  h o t  zone. 

i n  Tab le  2 .  N o  o t h e r  hydrocarbons  were observed .  These d a t a  

s u g g e s t  t h a t  methane and a c e t y l e n e  a r e  produced and d i s a p p e a r  a t  

d i f f e r e n t  ra tes .  

R e s u l t s  are t a b u l a t e d  

Series 111. Hot Zone Temperature 

I n  t h i s  series, s t a n d a r d  c o n d i t i o n s  i n c l u d e d  1 5 0  amperes,  

8 . 5  mols H2 p e r  minute  th rough  t h e  FCC, sampling rate through 

t h e  e f f l u e n t  h o t  zone a t  2 1 / 2  m i n u t e s ,  G i t h  v a r i a t i o n  of t h e  

h o t  zone t empera tu re .  R e s u l t s  are shown i n  Tab le  3 .  It i s  

I 
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e v i d e n t  t h a t  t h e  h o t  zone t empera tu re  h a s  a s i g n i f i c a n t  e f f e c t  

on t h e  hydrocarbon composi t ion  o f  t h e  e f f l u e n t .  

S e r i e s  I V .  Hot Zone S u r f a c e  A r e a  

N o t i n g  t h e  r e s u l t  o f  i n c r e a s e d  t i m e  of f low i n  t h e  sampling 

r a t e  shown above i n  S e r i e s  11, and assuming t h a t  8.5 mols H 2  p e r  

minute through t h e  FCC c r e a t e s  a s t e a d y  s t a t e  f o r  carbon t hydro- 

gen i n  t h e  plasma a t  t h e  a r c  c r a t e r ,  t h e  sampling s o u r c e ,  t h e n  

t h e  t i m e  of exposure  t o  t h e  h o t  zone w a l l  o f  Type 304 s t a i n l e s s  

s t e e l  w a s  observed .  T h i s  w a s  accomplished a t  150 amperes,  8.5 

mols H2 p e r  minute ,  and 8 O O O C  h o t  zone t e m p e r a t u r e ,  i n  two d i -  

ameters of h o t  zone t u b e s ,  1-1/6" and 9 / 1 6 " ,  -- a c r o s s - s e c t i o n a l  

a r e a  r a t i o  of 4 : l .  To e q u a t e  t h e  sample r e s i d e n c e  t i m e s ,  t h e  

sample f low p e r i o d s  w e r e  a d j u s t e d  t o  t h i s  r a t i o .  R e s u l t s  are 

shown i n  Table  4 .  N o  a c e t y l e n e  was found i n  t h e  9 /16"  d i ame te r  

samples ,  w h i l e  t h e  s m a l l  amounts i n  t.he 1 - 1 / 6 "  samples were con- 

s i s t e n t  w i t h  t h e  d i s t r i b u t i o n  f o r  2 0  and 30 seconds  checked wi th  

s i m i l a r  t i m e s  observed  i n  t h e  e a r l i e r  S e r i e s  I1 above. 

S e r i e s  V. F u r t h e r  E f f e c t  o f  H o t  Zone A r e a  

The r e s u l t  of Series I V  was fo l lowed by f u r t h e r  o b s e r v a t i o n s  

comparing hydrocarbon y i e l d s  and r a t i o s  i n  two c a s e s  and a t  two 

t e m p e r a t u r e s ,  as  f o l l o w s :  

A. 1-1/16" d i a m e t e r  a t  800° and a t  5OOOC 

B. 1-1 /16"  d i a m e t e r ,  i n t o  which t u b e  a s e c t i o n  of s t a i n l e s s  

s tee l  wool w a s  added ,  a l s o  a t  800' and 500OC. 

These c o n d i t i o n s  were compared, s i n c e  any e f f e c t  due t o  exposure  

t o  l a r g e  s u r f a c e  of s t a i n l e s s  s t e e l  would n o t  r e q u i r e  comparably 

r a p i d  sampl ing  flow. I n  o t h e r  words,  t h e  e f f e c t  of i n c r e a s e d  

82 
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s u r f a c e  area a l o n e  c o u l d  be observed .  

t i o n  a t  each  t empera tu re  w i t h  and w i t h o u t  added s t a i n l e s s  s teel  

wool i s  shown i n  Table  5.  Table  5 i n d i c a t e s  t h a t  t h e  prepon- 

de rance  of methane and absence  o f  a c e t y l e n e  i s  n o t  a f f e c t e d  a t  

800°C. To i n t e r p r e t  t h e  a p p a r e n t  s h i f t ,  how'ever, a t  5 O O 0 C ,  it 

i s  n e c e s s a r y  t o  compare the r e l a t i v e  c o n c e n t r a t i o n s  of a l l  

samples.  T h i s  i s  shown, i n  t e r m s  of t h e i r  r a t io s ,  i n  Table  6 .  

It w i l l  be  no ted  t h a t  t h e  e f f e c t  o f  s t a i n l e s s  s t e e l  h o t  zone i s  

The hydrocarbon d i s t r i b u -  

r e l a t i v e l y  c o n s t a n t  and a p p r e c i a b l e  f o r  t h e  t i m e s  and t empera tu res  

o f  exposure .  A t  800°.C, no a c e t y l e n e  i s  p r e s e n t ,  a s  expec ted ,  f o r  

reasons of t e m p e r a t u r e ,  a s  shown i n  Table  3 above,  w h i l e  a t  5OO0c, 

t h e  t i m e - r e l a t e d  s u p p r e s s i o n  of a c e t y l e n e  p r e v i o u s l y  observed  i n  

Table  2 above i s  a l s o  s e e n  t o  be more s t r o n g l y  enhanced by t h e  

i n c r e a s e d  s t a i n l e s s  s tee l  s u r f a c e  area. W e  i n t e r p r e t  t h i s  t o  

mean t h a t  a c e t y l e n e  d i s a p p e a r s  much m o r e  r a p i d l y  t h a n  methane 

under  t h e s e  c o n d i t i o n s ,  and  t h a t  t h e  d i sappea rance  is r e l a t e d  t o  

t h e  s u r f a c e  area of t h e  s t a i n l e s s  s teel  h o t  zone. 

S e r i e s  V I .  E f f e c t  o f  Hot Zone S u r f a c e  Composition 

Not ing  t h a t  t h e  t i m e - r e l a t e d  s u p p r e s s i o n  of methane and 

a c e t y l e n e  appeared  t o  s u g g e s t  a h o t  zone s u r f a c e  e f f e c t  when 

s t a i n l e s s  s tee l  was used ,  t h i s  mater ia l  w a s  r e p l a c e d  by s e v e r a l  

o t h e r s ,  u s i n g  t u b e s  o f  1 -1 /16"  d i a m e t e r .  A r c  c r a t e r  g a s  samples 

t a k e n  under o t h e r w i s e  i d e n t i c a l  c o n d i t i o n s  ( v i z . ,  150 amperes,  

8.5 mols H2 p e r  minu te ,  h o t  zone t empera tu re  8OO0C, p a r a l l e l  

sampling f low r a t e s )  produced  hydrocarbon compos i t ions  as 

shown i n  F i g u r e s  3 t h r o u g h  6 .  

I n  t h e  case of f u s e d  s i l i c a ,  it i s  s e e n  i n  F igu re  3 k h a t  
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the  t i m e  of exposure  i n  t h e  8OOOC h o t  zone h a s  roughly  p a r a l l e l  

e f f e c t s  upon t h e  p re sence  and d i sappea rance  of  b o t h  methane and 

a c e t y l e n e .  

Th i s  i s  i n  c o n t r a s t  w i th  i r o n  ( F i g u r e  4 )  and Type 304 

s t a i n l e s s  s t ee l  (F igu re  5 ) ,  where a c e t y l e n e  d i s a p p e a r s  r a p i d l y  

wh i l e  methane p e r s i s t s .  

I n c r e a s i n g  t h e  n i c k e l ' c o n t e n t  by t h e  u s e  o f  Incoloy  8 0 0  

(32% N i ,  4 6 9  Fe)  and Nickel-200 ( 9 9 . 5 %  N i )  a p p e a r s  t o  produce 

f u r t h e r  s u p p r e s s i o n  of  b o t h  a c e t y l e n e  and methane,  -- an e f f e c t  

which does n o t  appea r  t o  be e s p e c i a l l y  t i m e - s e n s i t i v e .  

Some R e s u l t s  w i t h  Other  FCC Gas Feeds 

P r e l i m i n a r y  t e s t s  were c a r r i e d  o u t  i n  which s u b s t i t u t i o n  

was made fo rhydrogen  a s  t h e  FCC-injected g a s .  The f i r s t  sub-  

s t i t u t e  was a - H 2  - CO 50-50 volume p e r c e n t  mix tu re .  

s t a n d a r d  t es t  c o n d i t i o n s  w e r e  employed, e x c e p t  t h a t  t h e  g a s  

volume f low r a t e  w a s  s e t  t o  a v a l u e  which i n c l u d e d  a r e l a t i v e l y  

s m a l l  amount of hydrogen (0.6 mol p e r  m i n u t e ) .  The r e s u l t s  

shown i n  Table  7 compares t h e  ( i n t e r p o l a t e d )  ana log  d i s t r i b u -  

t i o n  r e s u l t i n g  from t h e  same amount of p u r e  hydrogen a l o n e  w i t h  

t h e  d i s t r i b u t i o n  u s i n g  t h e  mix tu re  w i t h  CO. The a b s o l u t e  amount 

of a c e t y l e n e  i n  t h e  CO - H2 mix tu re  tes ts  a l s o  i n c r e a s e d  w i t h  

t i m e  whereas  t h e  a c e t y l e n e  i n  t h e  low rate  p u r e  hydrogen ana log  

d imin i shes  r a p i d l y  and no hydrocarbon w a s  found a f t e r  1 0  seconds .  

The u s u a l  

The n e x t  FCC g a s  used  was s team,  w i t h  co r re spond ing  r e s u l t s  

shown i n  Tab le  8 .  I n  comparing a b s o l u t e  c o n c e n t r a t i o n s  by meas- 

u r i n g  chromatograph d e f l e c t i o n  a m p l i t u d e s ,  t h e  t o t a l  p r o d u c t  

y i e l d  of hydrocarbon w a s  found t o  have i n c r e a s e d  w i t h  i n c r e a s i n g  

9 1  
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f low rate  of steam. 

i n t e r v a l s  w i t h  steam produced a p p r e c i a b l e  methane under condi -  

t i o n s  which would have y i e l d e d  o n l y  a s m a l l  amount of a c e t y l e n e  

or no hydrocarbons ,  i f  t h e  same amount of c o n t a i n e d  hydrogen 

w e r e  f e d  as pu re  H2 i n  e q u i v a l e n t  r a t e s  t o  t h e  FCC arc. 

As w i t h  t h e  water gas tests, s h o r t  t i m e  

S o l i d  Carbonaceous Feed 

F i n a l l y ,  p r e l i m i n a r y  t e s t s  were c a r r i e d  o u t  i n  which a 

powdered s o l i d  w a s  e n t r a i n e d  i n  a rgon  and i n j e c t e d  i n t o  t h e  FCC 

arc. The s o l i d  w a s  a p e t r o l e u m  r e f i n e r y  “bot tom” having  a s o f t -  

e n i n g  p o i n t  o f  327OF and a n  approximate  compos i t ion  o f  (CH21x.  

The a rgon  w a s  chosen as a n e u t r a l  c a r r i e r  t o  avo id  ambigui ty  

conce rn ing  t h e  s o u r c e  o f  hydrogen i n  t h e  p r o d u c t .  For  s i m p l i -  

c i t y ,  no e f f l u e n t  h o t  zone w a s  u s e d ,  and so t h e  sample g a s  w a s  

c o n s i d e r e d  as b e i n g  quenched t o  room tempera tu re .  

i n  e v e r y  i n s t a n c e  t h e  hydrocarbon p roduc t  w a s  p r e p o n d e r a n t l y  

a c e t y l e n e ,  a l t h o u g h  t h e r e  were t r a c e s  of methane also. 

As e x p e c t e d ,  

D i s c u s s i o n  

Based upon t h e  r e s u l t s  o f  $he tests d e s c r i b e d  above, it i s  
J 

s u g g e s t e d  t h a t  two d i s t i n c t  se t s  o f  p r o c e s s e s  a r e  o p e r a t i v e .  

One i n v o l v e s  t h e  phenomena w i t h i n  t h e  a r c  and t h e  o t h e r  re la tes  

t o  t h e  c o n d i t i o n s  t o  which a r c - g e n e r a t e d  g a s e s  are exposed i n  

t h e  e f f l u e n t  s t r eam.  

E x p l o r a t o r y  as  t h i s  i n v e s t i g a t i o n  i s  t o  t h i s  p o i n t ,  it a f -  

f o r d s  no  ev idence  which d i s c l o s e s  t h e  undoubtedly  complex mech- 

anisms u n d e r l y i n g  t h e  o b s e r v e d  e f f e c t s .  However it seems reas- 

o n a b l e  t o  assume t h a t  a t i m e - r e l a t e d  c a t a l y t i c  e f f e c t  e x i s t s  

which i s  r e l a t e d  t o  t h e  compos i t ion  and t e m p e r a t u r e  of t h e  h o t  

‘ I  
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. 
zone s u r f a c e  t o  which t h e  a r c  sample e f f l u e n t  w a s  exposed.  The 

r a p i d  t r a n s i t i o n  i n  hydrocarbon composi t ion from a c e t y l e n e  t o  

methane i n  t h e  presence  of  i r o n  o r  s t a i n l e s s  s tee l  i s  one i n d i -  

c a t i o n .  Thermal e f f e c t s  and i n c r e a s e d  r e s i d e n c e  t i m e  i n  t h e  

presence  o f  hydrogen were shown t o  l e a d  t o  p r o g r e s s i v e  diminu- 

t i o n  and d i s a p p e a r a n c e  o f  hydrocarbons,  s u g g e s t i n g  a n o t h e r  slower 

p r o c e s s  which may be p y r o l y t i c  or p o s s i b l y  i n h i b i t o r y .  

I t  i s  s u b m i t t e d ,  a l s o ,  t h a t  e f f e c t s  which o c c u r  w i t h i n  t h e  

h o t  zone a r e  n o t  n e c e s s a r i l y  independent  of t h e  arc r e a c t i o n s .  

The composi t ion of t k e  e f f l u e n t  which l e a v e s  t h e  a r c  crater and 

e n t e r s  t h e  h o t  zone h a s  an i m p o r t a n t  e f f e c t  upon t h e  u l t i m a t e  

product  composi t ion.  For  example,  t h e  c o n t r a s t ,  under  o t h e r -  

w i s e  ident . ica1  t e s t  c o n d i t i o n s ,  which i s  e v i d e n t  as s u b s t i t u t i o n  

was made f o r  p u r e  hydrogen a s  t h e  FCC g a s  f e e d  produced a note-  

worthy change. With a m i x t u r e  of  CO and H 2 ,  o r  H combined w i t h  

0 as s team, hydrocarbons w e r e  produced w i t h  a p p r e c i a b l e  o r  major 

f r a c t i o n s  of methane, where p u r e  hydrogen y i e l d e d  o n l y  s m a l l  

amounts of a c e t y l e n e  o r  no hydrocarbons a t  a l l .  One may i n f e r  

t h a t  t h e  p r e s e n c e  of CO o r  0 w i t h i n  t h e  plasma p o s s i b l y  a l t e r s  

t h e  c o u r s e  of t h e  r e a c t i o n ,  and hence t h e  e f f l u e n t  composi t ion.  

From o u r  b a s i c  s t u d i e s  of  FCC g a s  i n j e c t i o n 8  i n t o  t h e  a r c  

conduct ion  column, t o g e t h e r  w i t h  c o n c u r r e n t  tempera ture  m e a s -  

urements,  i t  i s  f a i r l y  c e r t a i n  t h a t  upwards of 8 0 %  of  t h e  i n -  

j e c t e d  g a s  p e n e t r a t e s  t h e  column and u n i f o r m l y  r e a c h e s  tempera- 

t u r e s  i n  t h e  range  of 10,OOOo - 20,000°K. Our c u r r e n t  i n v e s t i -  

g a t i o n s  of t h i s  a r c ,  u s i n g  hydrogen as FCC gas  f e e d  and a carbon 

anode, i n d i c a t e s  c l e a r l y  t h a t  t h e  hydrogen i n  t h e  a r c  conduct ion  
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column approaching  t h e  anode i s  monatomic. W e  are p r e s e n t l y  

s t u d y i n g  t h e  plasma compos i t ion  i n  f r o n t  o f  t h e  anode crater ,  
4 

where t h i s  monatomic hydrogen i s  mixing wi th  o r  impinging upon 

carbon a t  i t s  s u b l i m a t i o n  t e m p e r a t u r e .  The o b j e c t i v e  of i d e n t i -  

f y i n g  t h e  plasma s p e c i e s  i n  t h i s  zone,  w i t h  hydrogen and u l t ima-  

t e l y  w i t h  Ha + CO o r  w i t h  steam, o f f e r s  t h e  p o s s i b i l i t y  of d e t e r -  

mining how t h e  u l t i m a t e  quenched e f f l u e n t  compos i t ion ,  as w e l l  

as t h e  f u n c t i o n  o f  t h e  secondary  s p e c i e s ,  such  as CO o r  0, i n  

a l t e r i n g  t h e  p r o c e s s ,  may b e  p r e d i c t e d .  

A d d i t i o n a l l y  t h e  exposure  of a carbonaceous  s o l i d  i n t o  t h i s  

plasma, producing  a c e t y l e n e  i n  accordance  w i t h  e x p e c t a t i o n ,  i n -  

d i c a t e s  i n  a p r e l i m i n a r y  way t h e  p r o b a b i l i t y  of employing t h e s e  

arcs e f f e c t i v e l y  f o r  g a s i f i c a t i o n  i n v o l v i n g  c o a l  or  o t h e r  carbon- 

aceous  f e e d s .  

Summary 

A novel  t ype  of a r c  d i s c h a r g e ,  t h e  FCC h i g h  i n t e n s i t y  arc ,  

employing a carbon anode and a ca thode  des igned  t o  a f f o r d  ef-  

f e c t i v e  enhanced i n t r o d u c t i o n  o f  hydrogen-bearing gas f e e d s  i n t o  

t h e  a r c  conduc t ion  column, w a s  employed t o  s t u d y  t h e  s y n t h e s i s  

o f  hydrocarbons .  I n  t h e  t empera tu re  range  o f  t h i s  arc ,  -- t h a t  

i s ,  1 0 , O O O o  - 20,000°K -- i n  t h e  ca thode  conduc t ion  column, t h e  

hydrogen is  monatomic and impinges  on t h e  carbon anode a t  i ts  

s u b l i m a t i o n  temperataure ( abou t  4000OK) i n  t h e  arc crater.  

qr 

G a s  samples,  drawn f rom t h i s  reg-ion d u r i n g  s t a n d a r d  arc 

o p e r a t i o n ,  were found by g a s  chromatography t o  c o n t a i n  hydro- 

ca rbons .  The composi t ion  o f  t h e s e  depended upon t h e  f low rate  

o f  hydrogen f e d  i n t o  t h e  a r c  column, t h e  t empera tu re  and resi- 

i l  

' I  

96 



dence t i m e  of t h e  arc e f f l u e n t  i n  a downstream h o t  zone, and 

I 

I 

\ 

t h e  w a l l  composi t ion of t h e  h o t  zone. Hydrogen, though always 

i n  e x c e s s  of s t o i c h i o m e t r y ,  caused  a t r a n s i t i o n  i n  t h e  hydro- 

carbon p r o d u c t  ranging  from 1 0 0 %  a c e t y l e n e ,  a t  low f low ra te  

( 3 . 4  m o l s  H /min) t o  m i x t u r e s  of methane a'nd a c e t y l e n e  w i t h  

o c c a s i o n a l  p r e s e n c e  of p r o p y l e n e ,  becoming predominant ly  meth- 

ane a t  h i g h  f low rates  ( 1 4 . 1  mols H2/min) f o r  i n t e r m e d i a t e  

r e s i d e n c e  t imes (about  30 seconds)  a t  8 O O O C  i n  a Type 304 

s t a i n l e s s  s t e e l  h o t  zone. S h o r t e r  r e s i d e n c e  t i m e s  (about  1 0  

2 

seconds)  w i t h  adequate  hydrogen (8.5 mols/min) a t  80OOC i n  

s t a i n l e s s  s t e e l  h o t  zone produced hydrocarbon m i x t u r e s  which 

were predominant ly  a c e t y l e n e .  The e f f e c t  of r e s i d e n c e  t i m e  

t h u s  a l s o  showed a t r a n s i t i o n  i n  hydrocarbon composi t ion from 

1 0 0 %  a c e t y l e n e  a t  1 0  seconds t o  1 0 0 %  methane i n  from 30 seconds 

t o  2-1/2 minutes .  

Under t h e  same t e s t  c o n d i t i o n s ,  a s i m i l a r  t r a n s i t i o n  w a s  

observed when t h e  h o t  zone w a l l  w a s  i r o n  i n s t e a d  of Type 304 

s t a i n l e s s  s t e e l .  When t h e  w a l l  w a s  Incoloy  800  (32% N i l  4 6 %  

Fe) and Nickel-200 ( 9 9 . 5 %  N i )  bo th  hydrocarbons were s u b s t a n -  

t i a l l y  suppressed  r e g a r d l e s s  of  r e s i d e n c e  t i m e .  With a f u s e d  

s i l i c a  w a l l ,  m i x t u r e s  of  a c e t y l e n e  and methane appeared i n  a l l  

t ime i n t e r v a l s .  

I n  t h e  t r a n s i t i o n a l  cases , a c e t y l e n e  diminished from t h e  

product  t i m e  samples ,  d ropping  r a p i d l y  from 1 0  seconds and 

d i s a p p e a r i n g  i n  2-1 /2  minutes ,  whi le  methane r o s e  t o  a maximum 

i n  30 seconds and s l o w l y  d iminished .  N o  hydrocarbons w e r e  

found a f t e r  4 m i n u t e s .  With s i l i c a ,  both  a c e t y l e n e  and methane 
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rose and d iminished  i n  p a r a l l e l  manner t o  c o n s t a n t  l o w  l eve l s  

a f t e r  2-1/2 minutes ,  p e r s i s t i n g  a f t e r  6 minutes .  

The e f f e c t  bf t e m p e r a t u r e  i n  t h e  h o t  zone w a s  s t u d i e d  w i t h  

t h e  s t a i n l e s s  s t e e l  w a l l  a t  a r e s i d e n c e  t i m e  of 2-1/2 minutes .  

A t  8OO0C, t h e  o n l y  hydrocarbon produced w a s  methane. A t  25OC 

t h e  p r o d u c t  conta ined  a c e t y l e n e  w i t h  a trace o f  methane. I n t e r -  

media te  t e m p e r a t u r e s  produced m i x t u r e s  of  t h e  t w o  i n  t r a n s i -  

t i o n a l  p r o p o r t i o n s .  

2 

f o r  p u r e  H2 f o r  FCC-inject ion produced hydrocarbons which w e r e  

m i x t u r e s  o f  methane and a c e t y l e n e  (wi th  a s m a l l  amount of propy- 

l e n e  i n  one  10-second s a m p l e ) ,  whereas t h e  same f r a c t i o n a l  

volume f low rate  of c o n t a i n e d  hydrogen,  if f e d  as pure  hydrogen 

a l o n e ,  woul-d have produced o n l y  a s m a l l  amount of a c e t y l e n e  o r  

no hydrocarbons a t  a l l .  

S u b s t i t u t i o n  of 50-50 volume p e r c e n t  mixture  of CO and H 

When steam w a s  s u b s t i t u t e d  €or hydrogen i n t o  t h e  FCC a r c  

t h e  p r i n c i p a l  hydrocarbon component w a s  methane, i n c r e a s i n g  i n  

p r o p o r t i o n  t o  a c e t y l e n e  w i t h  i n c r e a s i n g  steam f low,  whereas ,  

a g a i n ,  t h e  e q u i v a l e n t  H ,  i f  f e d  a’s p u r e  hydrogen, would have 

shown a small  amount of a c e t y l e n e  or  no hydrocarbons.  

A sol id  p u l v e r i z e d  pe t ro leum r e s i d u e  cor responding  t o  

(CH2lx, f e d  e n t r a i n e d  i n  a rgon  i n t o  t h e  FCC, produced a c e t y l e n e  

p r e d i c t a b l y  under  c o n d i t i o n s  cor responding  t o  t h e  analogous H2 

feed . 
Two p r o c e s s e s  are b e l i e v e d  t o  p a r t i c i p a t e  i n  d e t e r m i n i n g  

t h e  hydrocarbon composi t ion  of t h e  e f f l u e n t  product .  One pro-  

cess i s  thought  o f  as i n t e r a c t i o n  of t h e  f e e d  materials w i t h i n  
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t h e  arc coluTn a t  t h e  anode c ra te r ,  t r a n s f o r m e d  i n t o  h i g h  t e m -  

p e r a t u r e  plasma spec ies ' .  The r e s u l t a n t  composi t ion  is  believed 

t o  i n f l u e n c e  t h e  course o f  t h e  second p r o c e s s  which i s  a t i m e -  
t] - 

and t e m p e r a t u r e - r e l a t e d  c a t a l y s i s  o c c u r r i n g  i n  a downstream h o t  

zone,  l e a d i n g  t o  t h e  f i n a l  e f f l u e n t  c o m p o s l t i o n .  Upon f u r t h e r  

exposure  t o  t h e  h o t  zone ,  t h e  o v e r - a l l  q u a n t i t y  of hydrocarbons  

i n  t h e  e f f l u e n t  d i m i n i s h e s .  T h i s  i s  b e l i e v e d  t o  be r e l a t e d  

p r i n c i p a l l y  t o  t h e  t e m p e r a t u r e  o f  t h e  h o t  zone, a s  ev idenced  

by t h e  c o l l a t e r a l  d i m i n u t i o n  of  a c e t y l e n e  and methane a t  8OOOC 

i n  a f u s e d  s i l i c a  h o t  zone. D i f f e r e n t i a l  t r a n s i t i o n  from ace- 

b 

% 

I 

I t y l e n e  t o  methane o c c u r r e d  i n  t h e  c a s e s  o f  i r o n  and Type 3 0 4  

s t a i n l e s s  s t e e l ,  and a t ime- independent  c o n s t a n t  s u p p r e s s i o n  

o f  b o t h  methane and a c e t y l e n e  w a s  o b t a i n e d  when t h e  h o t  zone 

w a l l  a t  8 O O O C  w a s  e i t h e r  I n c o l o y  800 (32% N i ,  4 6 %  Fe) o r  Nicke l -  

11 
, 

2 0 0  (99 .5% N i l .  

P r e l i m i n a r y  t e s t s  w i t h  p u l v e r i z e d  s o l i d  (CHZlx e n t r a i n e d  

i n  a rgon  and f e d  i n t o  t h e  FCC arc, as  w e l l  as t h e  a l t e r a t i o n  

i n  f a v o r  o f  methane i n  t h e  steam cases, l e n d  s u p p o r t  t o  t h e  

b e l i e f  t h a t  t h e s e  r e s u l t s  w i t h  t h e  FCC h i g h  i n t e n s i t y  arc  may 

lead t o  p r a c t i c a l  a p p l i c a t i o n s  i n  t h e  g a s i f i c a t i o n  of c o a l  and 

o t h e r  carbonaceous  f e e d s .  
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